The zinc finger CW (zf-CW) domain is a motif of about 60 residues that is frequently found in proteins involved in epigenetic regulation. Here, we determined the NMR solution structure of the zf-CW domain of the human zf-CW and PWWP domain containing protein 1 (ZCWPW1). The zf-CW domain adopts a new fold in which a zinc ion is coordinated tetrahedrally by four conserved Cys ligand residues. The tertiary structure of the zf-CW domain partially resembles that adopted by the plant homeo domain (PHD) finger bound to the histone tail, suggesting that the zf-CW domain and the PHD finger have similar functions. The solution structure of the complex of the zf-CW domain with the histone H3 tail peptide (1-10) with trimethylated K4 clarified its binding mode. Our structural and biochemical studies have identified the zf-CW domain as a member of the histone modification reader modules for epigenetic regulation.
INTRODUCTION
The zinc finger CW (zf-CW) domain is a zinc-binding domain comprising about 60 amino acids. A sequence alignment revealed three tryptophan (Trp) and four cysteine (Cys) residues that are conserved in the zf-CW family (the name zf-CW is derived from the conserved Cys and Trp residues) (Perry and Zhao, 2003) . Especially, the four Cys residues are invariant among the amino acid sequences of the putative zf-CW domains, and they can potentially coordinate a zinc ion (Figure 1 ). The first two Cys residues are separated by two or four amino acids, as in classical zinc fingers. However, the arrangement of the third and fourth Cys residues is unusual, in that they are separated by 6-15 residues. Therefore, the zf-CW domain is classified as a new four cysteine zinc finger motif.
The function of the zf-CW domain is unknown, but the domain is frequently associated with chromatin-related factors (Perry and Zhao, 2003) . zf-CW domains have been identified in several enzymes that are involved in the control of the methylation states of the histone H3 tail.
The Arabidopsis SDG8 (SET domain group 8) protein is a member of the histone-lysine N-methyltransferase family, and specifically catalyzes the methylation of residue K36 in the histone H3 tail. The methylation promotes the expression of the flowering locus C (FLC) protein, an essential transcriptional repressor involved in controlling flowering time in Arabidopsis and preventing early flowering (Grini et al., 2009; Xu et al., 2008; Zhao et al., 2005) . Besides the canonical AWS, SET, and post-SET domains that are characteristic of the SDG proteins, SDG8 contains an additional zf-CW domain, which is located upstream of the AWS domain. SDG8 could function by recognizing other modifications on the histone tail and/or DNA by the zf-CW domain.
A zf-CW domain was also found in the recently discovered lysine-specific demethylase LSD2/KDM1B, a homolog of LSD1/ KDM1 (Karytinos et al., 2009 ). LSD1/KDM1 represses transcription by the demethylation of the mono-and dimethylated residue K4 in the histone H3 tail (Shi et al., 2004) (In this paper, we denote the amino acid residues of histone peptides with one-letter codes and those of the zf-CW domain with three-letter codes). LSD2/KDM1B also specifically demethylates the mono-and dimethylated K4 of the histone H3 tail and contributes to establishing DNA methylation imprints during oogenesis (Ciccone et al., 2009; Karytinos et al., 2009 ). Therefore, it is likely that LSD2/KDM1B also regulates chromatin structure through epigenetic signals, such as histone and/or DNA methylation.
In addition, the zf-CW domain is also observed in other proteins, besides the methylation or demethylation exzymes. MORC (microrchidia) family members are characterized by a conserved domain architecture consisting of a GHL (Gyrase B, Hsp90 and MutL) ATPase domain at the amino terminus, a zf-CW domain, a nuclear localization signal (NLS), and coiled-coil domains at the carboxy terminus (Iyer et al., 2008) . The MORC family proteins are required for meiotic nuclear division in animals and perform chromatin remodeling by DNA superstructure manipulation in response to epigenetic signals, such as histone and/or DNA methylation (Iyer et al., 2008) . Taken together, these findings suggested that the zf-CW domains are involved in chromatin regulation through the recognition of epigenetic signals.
The modification states of the N-terminal histone H3 and H4 tails are linked to both transcriptional activation and repression, and they are regulated by a combinatorial network mediated by several protein motifs. For example, the PHD finger and royal superfamily members (chromo domain, tudor domain, and MBT domain) recognize methylated histones (for reviews, see AdamsCioaba and Min (2009) and Taverna et al. (2007) ). However, there was no information about the zf-CW domains, as sequence alignments did not reveal any significant homology with protein domains of known structure or function. Thus, the structure and function of the zf-CW domain in epigenetic control remained to be elucidated.
Here, we report the first three-dimensional structure of a zf-CW domain, comprising residues E246-E307 of the zf-CW and PWWP domain containing protein 1 (ZCWPW1) from Homo sapiens, determined by solution NMR spectroscopy. There is no functional information available for ZCWPW1. However, the PWWP domain is also known to be involved in epigenetic regulation (Wang et al., 2009b) . Therefore, structural information about the zf-CW domain of ZCWPW1 may also provide general information about the function of the zf-CW domain in epigenetic control. We found structural similarity between the zf-CW domain and the PHD finger, which plays an important role in the recognition of the histone H3 tail. Further NMR experiments revealed the specific interactions between the ZCWPW1 zf-CW domain and the histone H3 tail peptide (1-10) with trimethylated K4. The present study provides evidence for the putative function of the zf-CW domain as a new histone modification reader.
RESULTS AND DISCUSSION

NMR Spectra and Structure Calculation
To determine the solution structure of the zf-CW domain, we measured a complete set of standard 2D and 3D NMR spectra (Clore and Gronenborn, 1994 ). The 2D [ 1 H, 15 N]-HSQC spectrum of the zf-CW domain showed dispersed, sharp NH signals with similar intensities, which are characteristic of a folded protein (Figure 2 ). The resonance assignments of the polypeptide backbone and the nonlabile side-chain protons are complete, except for the amide protons of Cys253, Leu254, Trp256, and Asn273. Although some minor peaks were observed in the spectra, the resonances did not yield any substantial NOEs. Therefore, we excluded these resonances from the structural analysis.
The zinc coordination by the four Cys ligand residues, Cys259, Cys264, Cys285, and Cys296, was confirmed by the chemical shifts of their C b atoms, which were between 30.43 and 32.46 ppm, consistent with the sulfur groups coordinating a zinc ion (Lee et al., 1992) . Correspondingly, a structure calculation based on the NOE restraints alone also showed that these four Cys ligand residues are clustered and oriented to coordinate one zinc ion. Therefore, we determined the solution structure in the presence of one zinc ion, coordinated by Cys259, Cys264, Cys285, and Cys296.
More than 20 NOE distance restraints per residue, including 375 long-range distance restraints as well as the restraints for coordinating the zinc ion, were used in the final structure calculations with the program CYANA 2.1 (Gü ntert, 2004) . The final structures were energy-refined with the program AMBER9 (Case et al., 2005) . The final 20 energy-minimized conformers that represent the solution structure of the ZCWPW1 zf-CW Secondary structure elements of the human ZCWPW1 zf-CW domain (A) and the BPTF PHD finger, together with the zinc-binding modes, are shown. The conserved Trp cage forming residues are marked by closed red circles for the zf-CW domain and closed black circles for the PHD fingers (B), and partially conserved residues in PHD fingers are marked by open circles. Strictly conserved aromatic residues that stabilize the fold by hydrophobic interactions are marked by stars. Regions with homologous structures in the zf-CW domains and the PHD fingers are indicated by green frames.
domain are well defined and show excellent agreement with the experimental data ( Table 1 ). The precision of the structure is characterized by RMSD values to the mean coordinates of 0.22 Å for the backbone and 0.59 Å for all heavy atoms, excluding the unstructured regions of residues 246-253 and 302-307 at the chain termini ( Figure 3A ). The quality of the structure is also reflected by the fact that 86.8% of the (f,c) backbone torsion angle pairs were found in the most favored regions and 13.2% were within the additionally allowed regions of the Ramachandran plot, according to the program PROCHECK_NMR (Laskowski et al., 1996) .
Tertiary Structure of the zf-CW Domain
The ZCWPW1 zf-CW domain structure starts with an N-terminal b-hairpin (b1: Trp256-Gln258, b2: Trp267-Arg269). The first and second zinc ligand residues, Cys259 and Cys264, are located at the tip of the b-hairpin. It is followed by an extended stretch that runs to the third Cys ligand residue, Cys285, and is associated with the b-hairpin. The successive 10-residue region connecting the third and fourth zinc ligand residues, Cys285 and Cys296, adopts a loop structure that is also associated with the b-hairpin. The C-terminal extension after the fourth zinc ligand residue, Cys296, lies on the loop structure between Cys 285 and Cys296, and turns toward the upper surface of the b-hairpin. Apart from the b-hairpin, there are no other regular secondary elements, except for three one-turn 3 10 -helices (h1: Pro276-Val278, h2: Cys285-Gln287, and h3: Val291-Tyr293) (Figures 1,  3A , and 3B). Consequently, the ZCWPW1 zf-CW domain binds one zinc ion by its four conserved Cys ligand residues (Cys259, Cys264, Cys285, and Cys296), to form a compact globular fold that does not resemble any of the known zinc finger structures (Figure 3) .
Apart from the conserved four Cys ligand residues, three Trp residues (Trp256, Trp267, and Trp283) are well conserved among all of the subgroups of the zf-CW domains (Perry and Zhao, 2003) (Figure 1 ). The first two Trp residues (Trp256 and Trp267) are located on the surface of the b-hairpin where the two aromatic side chains face each other to form a cage, which is hereafter referred to as the Trp cage ( Figure 3B ). The third conserved Trp residue (Trp283) is located two sequence positions before the third Cys ligand residue under the b-hairpin, where it interacts with the hydrophobic residues Val257, Leu279, and Pro280 to stabilize the fold. Accordingly, the structure of the extended stretch, spanning residues 271-285, is fixed and forms a shallow hydrophobic pocket on the surface of the zf-CW domain with the b1 strand ( Figure 3B ).
The zf-CW domain contains the highly conserved Lys266-Trp267-Arg268 sequence on the b2 strand (Figure 1 ). The guanidyl group of Arg268 occupies the space between the b2 strand and the C-terminal extension after the fourth Cys ligand residue, and hydrogen bonds to the carboxyl oxygens of Ile298 and Pro299 in the C-terminal extension, thus turning the C terminus back ( Figure 3C ). The positively charged side chain of Lys266 is in close proximity to the negatively charged side chain of Glu300. The electrostatic interactions between Lys266 and Arg268 and their counterparts seem to be necessary for the association of the C-terminal extension with the b2 strand ( Figure 3C ). Consequently, the negatively charged side chains of Glu300 and Glu301 as well as the aromatic side chain of Trp303 are in proximity to the Trp cage on the b-hairpin ( Figure 3B ).
Structural Similarity of the zf-CW Domain to PHD Fingers As described above, the zf-CW domains contain well-conserved Cys and Trp residues. Accordingly, the canonical zf-CW domain has the characteristic Cys-X-X-Trp and Trp-X-Cys sequence motifs, which contain the second and third Cys ligand residues, respectively. Sequence comparisons with other zinc finger domains revealed homologous sequence motifs in several PHD fingers. For example, the BPTF PHD finger (Li et al., 2006) , the ING2 PHD finger (Pena et al., 2006) , and the JARID1A PHD finger (Wang et al., 2009a) , as shown in Figure 1 .
The canonical PHD fingers have the CCCC-CHCC motif and bind to two zinc ions in a cross-brace manner. Although the zf-CW domain does not belong to the cross-brace zinc finger protein family (Figure 1) , we tried to compare the zf-CW domain and the BPTF PHD finger from a structural point of view.
The main chain structures of the conserved Cys-X-X-Trp and Trp-X-Cys sequence motifs in the zf-CW domain could be superimposed onto those of the corresponding sequence motifs in the BPTF PHD finger (Li et al., 2006) (Figure 4A ). In addition, the side chains of the two above-mentioned Trp and Tyr residues in the BPTF PHD finger could be overlaid on those of the two corresponding Trp residues in the zf-CW domain ( Figure 4A ). Accordingly, the third, fourth, and seventh Cys ligand residues in the BPTF PHD finger are located at the positions corresponding to the first, second, and third Cys ligand residues in the zf-CW domain, respectively, and the position of the zinc ion in the zf-CW domain corresponded to that of the second zinc ion in the BPTF PHD finger (Figures 1, 4B , and 4E).
In the BPTF PHD finger, the side chain of Tyr51 in the Tyr-XCys sequence motif (indicated by a black star in Figure 1 ) contacts the hydrophobic amino acids on the b1 strand and on the segment between the sixth and seventh Cys ligand residues to form a shallow hydrophobic pocket ( Figure 4A ). The solution structure of the zf-CW domain indicated that Trp283 in the Trp-X-Cys sequence motif plays the same role as Tyr51 in the BPTF PHD finger ( Figure 4A ). Accordingly, the extended stretch spanning residues 271-285 in the zf-CW domain could be superimposed roughly on the corresponding region of the BPTF PHD finger ( Figure 4A ). In other PHD fingers, aromatic amino acid residues are conserved at the position corresponding to Tyr51 in the BPTF PHD finger (Figure 1) , and similar shallow hydrophobic pockets are observed on the surface of these PHD fingers ( Figures 4C and 4D ). Therefore, we concluded that zf-CW domains and PHD fingers share a homologous substructure, composed of the core b-hairpin and the extended stretch (Figures 1 and 4B) , and that the zf-CW domain is more closely related to the PHD finger than to other known zinc fingers (Figure 4 ). Furthermore, it is conceivable that the similar shallow hydrophobic pocket on the surface of the zf-CW domain could accommodate a similar target group as the PHD fingers.
The N-terminal peptide of the histone H3 tail fits well into this shallow hydrophobic pocket of the PHD fingers. In addition, as reported for the PHD finger domains from BPTF (Li et al., 2006) ( Figure 4A ), ING2 (Pena et al., 2006) (Figure 4C ), and JARID1A (Wang et al., 2009a) (Figure 4D ), the PHD fingers that have a Cys-X-X-Trp sequence motif (corresponding to the b2 strand) recognize the histone H3 tail with trimethylated K4. Taken together, these findings suggest that the zf-CW domain may be related to the recognition of the histone H3 tail with methylated Lys residues.
On the other hand, there are two distinctive differences between the zf-CW domain and the PHD fingers. First, the zf-CW domain lacks the zinc knuckle structure observed in the PHD fingers (b0 0 and b0 00 in Figure 1 ). Therefore, the zf-CW domains lack the first zinc-binding site provided by the zinc knuckle in the PHD finger (Figures 1 and 4B) . Second, the peptide segment after the third Cys ligand residue of the zf-CW domain adopts a distinct structure (Figure 4 ). In the PHD fingers, the seventh and eighth Cys ligand residues are separated by two amino acids. The C-terminal regions after the eighth Cys ligand residue of the PHD fingers are located under the b-hairpin and point away from the core part of the structure (Figure 4 ). In contrast, the corresponding third and fourth Cys ligand residues in the zf-CW domain are separated by ten intervening residues, and no a-helical structure exists after the last Cys ligand residue ( Figure 4) .
Consequently, the zf-CW domain and the PHD finger have a common core structure, composed of the b-hairpin and the extended stretch, which could potentially bind to the histone H3 tail with methylated K4 (Figures 1 and 4B ). However, the N-terminal and C-terminal segments attached to the core region adopt different structures in the two domains ( Figure 4) .
Titration of the zf-CW Domain with Histone Tail Peptides As described above, the posttranslationally modified histone H3 tail is a putative target of the zf-CW domain. To examine whether the zf-CW domain could bind to the N-terminal tail regions of histones H3 and/or H4, we performed 2D 20-residue peptide of the histone H4 tail with trimethylated K20 (H4 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) K20me3).
When we compared the effects of titrating several histone H3 peptides on the zf-CW domain, similar tendencies of the chemical shift changes were observed for all of the H3 tail peptides, and the perturbed residues of the zf-CW domain could be identified ( Figure 5 ). The smallest chemical shift changes among the examined peptides were observed for H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) K4me0, suggesting that it is in fast exchange on the NMR timescale. The magnitudes of the chemical shift changes for H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) K4me2 and H3 (1-20) K9me3 were greater than those for H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) K4me0 . Furthermore, the effect of H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) K4me3 was prominent among these peptides derived from the histone H3 tail, and some resonances exhibited medium exchange behavior (see Figure S1 available online).
Some resonances were missing in the free form of the zf-CW domain. Interestingly, upon the addition of H3 (1-20) K4me3 , new resonances from Cys253, Leu254, Trp256, and Asn273 emerged in the spectra. This suggests that the dynamics of these residues in the zf-CW domain were affected upon binding to H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) K4me3 .
Most of the affected residues are in the region Leu254-Cys285, which shares structural homology with the PHD finger. In addition, Glu301, Trp303, Leu306, and Glu307, in the C-terminal extension after the fourth Cys ligand residue, were also affected. In the case of the PHD finger, the C-terminal region following the last Cys ligand residue is not responsible for the recognition of the H3 trimethylated K4 peptide. Therefore, the influence on the C-terminal segment by H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) K4me3 is specific for the zf-CW domain.
The addition of H4 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) K20me3 to the zf-CW domain induced chemical shift changes in the [ 1 H, 15 N]-HSQC spectrum of the zf-CW domain with a similar magnitude as those for H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) K4me0 . Taken together, the characteristics of the chemical shift changes in the titration experiments with the different histone peptides suggested that the histone H3 tail with trimethylated K4 is the preferred target for the ZCWPW1 zf-CW domain ( Figure 5 ). (C) Ribbon representation with residues associated with the C-terminal extension. Color coding: b strands, cyan; 3 10 -helices, red; zinc, yellow; zinc-binding residues, magenta; hydrophobic residues, blue; positively charged residues, green; negatively charged residues, purple.
Isothermal Titration Calorimetry Experiments for the Binding of the zf-CW Domain to the Histone H3 Tail Peptides In order to investigate whether the zf-CW domain discriminates the different methylation states of K4 in the histone H3 tail, we focused on the shorter 10-residue peptide of the N-terminal histone H3 tail. Namely, we compared the binding activities of the zf-CW domain for the respective peptides with nonmethylated K4 (H3 (1-10) K4me0), monomethylated K4 (H3 (1-10) K4me1), dimethylated K4 (H3 (1-10) K4me2), trimethylated K4 (H3 (1-10) K4me3), and trimethylated Lys9 (H3 (1-10) K9me3) by isothermal titration calorimetry (ITC) measurements. Consistent with the results of the NMR titration experiments, the zf-CW domain bound to H3 (1-10) K4me3 with a K d value of 16.7 mM. Meanwhile, the K d values for H3 (1-10) K4me2, H3 (1-10) K4me1, and H3 (1-10) K4me0 were 41.8, 91.7, and 235 mM, respectively (Table 2; Figure S2 ). In agreement with the NMR titration experiments, the binding of H3 (1-10) K4me0 was 14 times weaker than that of H3 (1-10) K4me3. Increasing the methylation level of the K4 residue thus strengthened the binding of the zf-CW domain to the histone H3 tail. On the other hand, the K d value for . Resonances with weighted backbone amide chemical shift changes above the mean value (continuous red line) plus 1 SD (dashed red line) are labeled. Unassigned residues and residues with signals that disappeared during the titration are marked by black and red closed circles, respectively. Proline residues are marked by black stars. See also Figure S1 .
H3 (1-10) K9me3 was 271 mM, which was almost equal to that for H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) K4me0 . Therefore, we concluded that the zf-CW domain preferentially binds to the histone H3 tail with trimethylated K4, and that the trimethylated K4 is the key residue for the binding.
Complex Structure of the zf-CW Domain and the H3 (1-10) K4me3 Peptide The NMR titration and ITC experiments indicated that the N-terminal peptide of the histone H3 tail with the trimethylated K4 is the putative target of the zf-CW domain. Therefore, we solved the NMR solution structure of the complex between the zf-CW domain and the H3 (1-10) K4me3 peptide.
To determined the complex structure, filtered 2D COSY, TOCSY, and NOESY experiments as well as standard triple resonance experiments were performed for mixtures of the zf-CW domain and the H3 (1-10) K4me3 peptide, with molar ratios of 1:0.5, 1:1, and 1:3, respectively. For the structure calculation, we mainly utilized the NOESY spectra for the mixture of the zf-CW domain and the H3 (1-10) K4me3 peptide with a 1:1 molar ratio. With the help of the filtered NOESY experiments ( Figure S3 ), 117 intermolecular NOE distance restraints between the zf-CW domain and the H3 (1-10) K4me3 peptide were identified and used for the structure calculation of the complex between the zf-CW domain and the H3 (1-10) K4me3 peptide (Figure 6 ).
In the complex structure, the H3 (1-10) K4me3 peptide forms a three-stranded anti-parallel b sheet together with the two b strands of the zf-CW domain ( Figure 6B ). The intermolecular NOE network suggested the presence of several hydrogen bonds between the main chain of the H3 (1-10) K4me3 peptide and the first b strand of the zf-CW domain, i.e., between the carbonyl oxygen of R2 and the amide proton of Gln258, the amide proton of K4 and the carbonyl oxygen of Trp256, the carbonyl oxygen of K4 and the amide proton of Trp256, and the carbonyl oxygen of T6 and the amide proton of Leu254. The N-terminal amino group of A1 in H3 (1-10) K4me3 interacts with the carbonyl oxygen and the O d1,2 atoms of Asp280 in the zf-CW domain. The b-methyl moiety of A1 fits into the shallow pocket formed by the extended stretch spanning residues 271-285 and the first b strand in the zf-CW domain, and the shallow pocket also accommodates the g-methyl moiety of the T3. The side chains of R2 and Gln258 on the b1 strand are aligned side by side, suggesting the existence of a hydrogen bond between O 31 of Gln258 and the guanidyl group of R2. The trimethylated side chain of K4 interacts with the Trp cage formed by Trp256 and Trp267 on the b-hairpin, as well as Trp303 from the C-terminal extension through cation-p interactions ( Figures 6C and 6D ). In addition, the negatively charged side chain of Glu300 is located between the aromatic side chains of Trp267 and Trp303 to attract the positive charge of the trimethylated K4 through electrostatic interactions. At the same time, the expansive aromatic cage also accommodates the g-methyl group of T6 ( Figures 6C and 6D ). The structures of the free and bound zf-CW domain are quite similar, except for the C-terminal region following Glu300, which adapted its structure when recognizing the trimethylated K4 ( Figures 6E and 6F ). On the other hand, in the case of the PHD fingers, the N-terminal zinc knuckle, which is missing in the zf-CW domain, is involved in the formation of the aromatic cage for the trimethylated K4 (Figure 4 ). In conclusion, the complex structure clearly explains how the histone H3 tail, with the trimethylated K4, fits to the ZCWPW1 zf-CW domain through specific interactions, including cation-p and electrostatic interactions ( Figures 6C and 6D ) and suggests that the histone H3 tail, with the trimethylated K4, could be the true target of the ZCWPW1 zf-CW domain.
Dynamic Properties of the zf-CW Domain
To discuss the dynamic properties of the zf-CW domain upon binding to H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) K4me3 , the 15 N R 1 , R 2 relaxation rates and the steady-state 1 H-15 N NOEs were measured for the zf-CW domain at 25 C ( Figure 7) . Overlapped resonances and resonances with a poor signal-to-noise ratio (S/N) were excluded from the relaxation analysis. In the case of the free form, the average NOE values for the b-hairpin (residues 254-271) and the region spanning residues 285-300 (the region following the third Cys ligand residue) were about 0.81. These values are in agreement with the result that the b-hairpin and the region spanning residues 285-300 are tightly packed to form a rigid body in solution. The NOE values for the N-and C-terminal extensions (residues 246-254 and 303-307, respectively) decreased gradually when approaching the chain termini, indicating that these regions are flexible in solution. Interestingly, the NOE values for the region spanning residues 271-281 were also smaller than those for the above-mentioned rigid core (Figure 7) . Upon complex formation, the lowered NOE values for residues 278-281 increased slightly, while they decreased further for Trp283.
The region spanning residues 278-281 is responsible for the recognition of A1 and T3 in the H3 (1-10) K4me3 peptide. Thus, it is conceivable that the interactions with the N-terminal portion of H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) K4me3 stabilize the structure of the region encompassing residues 278-281, while the mobility was induced for Trp283. On the other hand, the motion of the Trp303 amide group in the C-terminal extension of the zf-CW domain was slightly restricted in the presence of H3 (1-10) K4me3, reflecting the result that Trp303 of the ZCWPW1 zf-CW domain is involved in the recognition of the trimethylated K4.
The Binding Mode for the Histone H3 Tail with Methylated K4 in Other Recognition Domains
In the case of the ZCWPW1 zf-CW domain, the Trp cage, supplemented by Trp303 and the conserved, negatively charged residue Glu300, participates in the recognition of the trimethylated K4 and the methyl moiety of T6 ( Figure 8A ). As described above, the core structure is shared between the zf-CW domain and the PHD fingers. However, several PHD fingers utilize various types of aromatic cages for the recognition of trimethylated K4 that are distinct from that of the zf-CW domain. For example, the rigid aromatic cages of the BPTF and ING2 PHD fingers could fit well with the trimethylated K4 of the histone H3 tail (Li et al., 2006; Pena et al., 2006) (Figures 8B and 8C) . The common feature of the BPTF and ING2 PHD fingers is that the aromatic amino acid residues located in the zinc knuckle are involved in the formation of the aromatic cage. The fixed space of the aromatic cage strictly discriminates the methylation levels of K4. In the case of the ING2 PHD finger, the aromatic cage is not perfect, as compared with that of the BPTF PHD finger, because the Tyr residue that shapes a side surface of the aromatic cage in BPTF is replaced by a Ser residue in ING2 (Pena et al., 2006) ( Figure 8C ). The discrimination of the methylation levels by the ING2 PHD finger is less strict than that by the BPTF PHD finger (Li et al., 2006; Pena et al., 2006) . However, even in the case of the ING2 PHD finger, the ratio of the K d values is about 1500-fold lower for trimethylated K4 than for nonmethylated K4. Instead, in the case of the zf-CW domain, the ratio is about 14-fold. Thus, in the BPTF PHD finger, the robust aromatic cage defines the space for the trimethyl moiety of K4, and enhances the strictness of the recognition. On the other hand, the JARID1A PHD finger has a Trp cage similar to that of the zf-CW domain (Wang et al., 2009a) ( Figure 8D) , and only the cation-p interactions mediated by the Trp cage seems to anchor the trimethylated K4 and the methyl Secondary structure elements are indicated at the top. The heteronuclear NOE errors were estimated from the rms value of the baseline noise in the NOE and reference spectra (Farrow et al., 1994) . moiety of T6. Unlike the BPTF and ING2 PHD fingers, the discrimination of the methylation levels by the JARID1A PHD finger is less strict, and the binding affinity difference is 28-fold between H3K4me3 and H3K4me0 (Wang et al., 2009a) , which is comparable to that of the zf-CW domain. In the zf-CW domain, besides the Trp cage, the C-terminal extension contributes to the binding of the trimethylated K4. The flexibility of the C-terminal extension around Trp303 in the zf-CW domain, which was detected by the NMR dynamics measurements, may confer the broad binding selectivity for several histone H3 tail peptides, while the Trp cage mainly contributes to the recognition of the trimethylated K4.
Besides the PHD fingers, the royal superfamily members (Kim et al., 2006) , such as the JMJD2A Tudor domain (Huang et al., 2006) , the CHD1 chromo domain (Flanagan et al., 2005) , and the MBT domains of L3MBTL1 , are protein motifs that recognize the histone H3 tail with methylated K4. A detailed examination of the binding sites of these domains revealed that the aromatic cage, along with the negatively charged amino acids, constitutes the binding pocket for the methylated K4, and the spatial relationship between the aromatic cage and the negatively charged amino acids affects the specificity for the different methylation levels of the K4 residue. The aromatic cage of the JMJD2A Tudor domain is composed of three aromatic amino acids, including one Trp residue ( Figure 8F ), and that of the CHD1 chromo domain is composed of two Trp residues, as in the zf-CW domain ( Figure 8G ). In both cases, the aromatic cage plus the negatively charged amino acid preferentially recognized the trimethylated lysine residues, rather than the dimethylated ones (Flanagan et al., 2005; Huang et al., 2006) . On the contrary, the MBT domain of L3MBTL1 binds to the dimethylated K4 histone peptide specifically with a similar aromatic cage plus a negatively charged amino acid residue (Figure 8H ). In this case, the negatively charged amino acid residue was in closer proximity to the H 3 proton of K4 than in the former cases. In the zf-CW domain, the spatial relationship between the Trp cage and the Glu300 was similar to that observed in the CHD1 chromo domain, reflecting the preference of the zf-CW domain. Taken together, the recognition mode of the zf-CW domain, mediated by an aromatic cage plus a negatively charged residue, is considered to be a common feature of the histone modification readers, and the zf-CW domain thus represents a new histone tail modification reader, in addition to the known PHD fingers and the royal superfamily members.
Mutation Experiments with the ZCWPW1 zf-CW Domain
In the complex structure between the ZCWPW1 zf-CW domain and H3 (1-10) K4me3, two Trp residues (Trp256 and Trp267) in the b-hairpin are important for the accommodation of the side chain of the trimethylated K4. Among the other subgroup members of the zf-CW domain, Trp267 is perfectly conserved. Trp256 is highly conserved and only rarely replaced, namely by an Ile residue in the mouse MORC1 zf-CW domain (Figure 1 ). The BHC80 PHD finger lacks the aromatic cage on the b-hairpin, and the acidic residue in its binding site for K4 preferably binds the histone H3 tail peptide with lower, rather than higher methylation levels (Lan et al., 2007) (Figure 8E ). Thus, in order to confirm the importance of the Trp cage, and to examine the effect on the target recognition by the replacement of the Trp residue observed in the mouse MORC1 zf-CW domain, we made the quadruple mutant W256I/E301R/T302L/W303P of the ZCWPW1 zf-CW domain to resemble the mouse MORC1 zf-CW domain. The binding constants for H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) K4me3 and H3 (1-10) K4me0 were measured by ITC experiments. We found that the quadruple mutant protein completely lost the binding affinity for H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) K4me3 and H3 (1-10) K4me0 . This suggests that the Trp cage on the b-hairpin is necessary for the recognition of the histone H3 tail peptide, with or without methylated K4, and that, unlike the canonical zf-CW domain, the mouse MORC1 zf-CW domain may not recognize the histone H3 tail peptide.
In the case of the ZCWPW1 zf-CW domain, Glu300 and Trp303 in the C-terminal extension play a supplemental role in the recognition of the trimethylated K4 residue. In order to clarify the role of these auxiliary amino acids in the C-terminal extension, we first replaced Glu300 with Ala. The binding of the E300A mutant to the H3 (1-10) K4me3 peptide became nearly five times weaker than that of the wild-type protein, thus confirming that Glu300 has a supporting function in the recognition of the methylated histone peptide. Interestingly, the E300A mutant lost its binding activity to H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) K4me0 , indicating that the absolutely conserved, negatively charged Glu300 residue is required for binding to the nonmethylated histone H3 peptide. As described above, the discrimination between H3 (1-10) K4me3 and H3 (1-10) K4me0 by the zf-CW domains is not as strong as that by the BPTF and ING2 PHD fingers. If the role of the zf-CW domain is simply the discrimination of the trimethylated K4, then Glu300 might have been replaced by other nonpolar amino acid residues during evolution, although the binding to H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) K4me3 would have become slightly weaker. The rather broad recognition by the zf-CW domain may have a biological role in epigenetic control, in contrast to the strict discrimination mediated by PHD fingers.
In some subgroup members of the zf-CW domain family, an acidic amino acid, rather than a hydrophobic one, occupies the position corresponding to Trp303 (Figure 1) . In order to elucidate the role of Trp303, we prepared the mutants W303E and W303A and measured their binding affinities to H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) K4me3 and H3 (1-10) K4me0 by ITC experiments. The binding affinities of the W303E mutant to H3 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) K4me3 and H3 (1-10) K4me0 were only slightly weaker than those of the wild-type. Therefore, the replacement did not significantly affect the binding ability of the zf-CW domain. On the contrary, the binding of the W303A mutant to H3 (1-10) K4me3 was nearly six times weaker than that of the wild-type, whereas the binding of the W303A mutant to H3 (1-10) K4me0 was almost unaffected. This means that Trp303 has a supporting role in the recognition of the trimethylated K4, and it could be replaced by the acidic amino acid that was observed in the other zf-CW domain subgroups. We checked the 1D spectra for all of these mutant proteins described above, and excluded the possibility that protein unfolding affected the binding activity ( Figure S4 ).
Conclusions
The present work has provided the first structural and biochemical information about the zf-CW domain. We found that the zf-CW domain is another building block in the repertoire of zinc-binding structural modules, and a new histone modification reader for the histone H3 tail with trimethylated K4. The present information provides a basis for understanding the epigenetic control mediated by the zf-CW domain.
EXPERIMENTAL PROCEDURES Protein Sample Preparation
Then zf-CW domain (residues 246-307) from human ZCWPW1 was synthesized by a cell-free protein synthesis system (Kigawa et al., 2004; Matsuda et al., 2006) and purified as described previously (Matsuda et al., 2006) . For the structure determination, a single 1.1 mM uniformly 13 C-and 15 N-labeled sample was prepared in 20 mM 2 H-Tris-HCl buffer, 100 mM NaCl, 1 mM dithiothreitol (DTT), 0.02% (w/v) NaN 3 , 0.05 mM ZnCl 2 , and 1 mM iminodiacetic acid (IDA), with the addition of D 2 O to 10% v/v (pH 7.0). The engineered protein sample used for the NMR measurements comprised 62 amino acid residues and the first 7 residues of the tags. The zf-CW mutants were made using a QuikChange Mutagenesis Kit, and the appropriate mutations were confirmed by DNA sequencing and mass spectrometric analysis. Nonlabeled, synthetic, lyophilized histone tail peptides were purchased from Dharmacon.
NMR Spectroscopy and Resonance Assignments
NMR experiments were performed at 25 C on 600 and 800 MHz spectrometers (Bruker DRX600 and AV800) equipped with xyz-pulsed field gradients. Backbone and side-chain assignments were obtained by standard triple resonance experiments (Clore and Gronenborn, 1994 were recorded with mixing times of 80 ms. For the assignments of the H3 (1-10) K4me3 peptide complexed with the zf-CW domain, 2D filtered NOESY spectra with mixing times of 80 and 150 ms, and 2D filtered TOCSY spectra were used (Peterson et al., 2004) . The NMR data were processed with the program NMRPipe (Delaglio et al., 1995) . Spectra were analyzed with the programs NMRView (Johnson and Blevins, 1994) , KUJIRA (Kobayashi et al., 2007) , and SPARKY (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco).
Structure Calculations
Peak lists for the NOESY spectra were generated by interactive peak picking, and peak intensities were determined by the automatic integration function of NMRView (Johnson and Blevins, 1994) . The three-dimensional structure was determined by the combined automated NOESY cross-peak assignment and structure calculation with torsion angle dynamics implemented in the CYANA program (Gü ntert et al., 1997) . Restraints for the backbone torsion angles f and 4 were determined by a chemical shift database analysis with the program TALOS (Cornilescu et al., 1999) . The standard CYANA protocol was applied (Gü ntert, 2004) . In the final refinement stage, distance restraints were added for Zn-S g (2.25-2.35 Å ) (Summers et al., 1992; Wang et al., 2003) and for the distances between the four zinc-coordinating S g atoms, to ensure a tetrahedral zinc coordination geometry. In addition, several hydrogen bonds derived from the NOE network for the b sheet were added for structure refinement. The 20 structures from the CYANA calculation were subjected to restrained energy-refinement with the program AMBER9 (http://amber. scripps.edu) (Case et al., 2005) , using the Generalized Born model. During the AMBER calculations, distance and dihedral angle restraints were applied with force constants of 32 kcal mol -1 Å -1 and 250 kcal mol -1 rad -2 , respectively.
The tetrahedral zinc coordination was restrained by lower and upper distance limits with force constants of 500 kcal mol -1 Å -1
. PROCHECK_NMR (Laskowski et al., 1996) was used to validate the final structures. Structure figures were prepared with the program MOLMOL (Koradi et al., 1996) .
For the determination of the three-dimensional structures of the zf-CW domain-H3 (1-10) K4me3 complex, the H3 (1-10) K4me3 resonances were first assigned using the 2D filtered spectra (Peterson et al., 2004) . The NOESY crosspeaks were then identified in the 3D 15 N-and 13 C-HSQC-NOESY spectra of the labeled zf-CW domain with unlabeled H3 (1-10) K4me3. The intermolecular protein-peptide NOEs were assigned automatically and inspected manually, using the 3D NOESY spectra of the zf-CW domain and the 2D filtered NOESY spectra with mixing times of 80 and 150 ms. Structure calculations were performed in the same manner as for the free zf-CW domain. 
NMR Titration Experiments
Measurements of Dynamic Parameters
The measurements of the nitrogen relaxation times, T 1 and T 2 , and the protonnitrogen heteronuclear NOEs were performed on a 600 MHz spectrometer with a cryo-probe (Bruker AV 600) at 25 C, using the 15 N, 13 C-labeled zf-CW domain at a concentration of 0.53 mM. The proton-nitrogen heteronuclear NOE values were calculated as the ratio between the cross-peak intensities with and without 1 H saturation during relaxation delays. The errors were estimated from the rms value of the baseline noise in the two spectra (Farrow et al., 1994) .
ITC Measurements
ITC measurements were performed at 25 C by using a Microcal (Amherst, MA)
VP-ITC calorimeter. Samples were buffered with 20 mM Tris-HCl (pH 7.0) and 100 mM NaCl, and were thoroughly degassed before use. First, a 2.0 ml aliquot of about 50 mM zf-CW domain was placed in the cell chamber. The five different solutions for the 10-residue histone H3 peptides (H3 (1-10) K4me0, H3 (1-10) K4me1, H3 (1-10) K4me2, H3 (1-10) K4me3, and H3 (1--10) K9me3), at a 20-fold higher concentration, were then injected into it. The heat generated due to dilution of the titrants was very small and was used as a reference for the analysis. The data were analyzed with the Microcal ORIGIN software, using a binding model that assumes a single site of interaction.
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